We have previously demonstrated that overexpression of p204, a member of the I® 200 gene family, inhibits growth, delays G0/G1 progression into S phase, and impairs E2F-mediated transcriptional activity. In this study, we show that p204 directly binds the retinoblastoma protein (pRb) in vivo to exert its activity. Transient p204 overexpression in Rb+/+ mouse embryo ®bro-blasts (MEF) inhibits cell proliferation, but does not aect cell growth in MEF derived from Rb7/7 mice. Two human cell lines, Saos2 and C33A, bearing an inactive pRb, but not primary human embryo ®broblasts, are resistant to the p204 antiproliferative activity. p204 contains two 200 amino acid motifs, designated as type a or b domains, each containing a canonical Rb binding motif (LXCXE). When dominant-negative mutants at the Rb binding motif were transfected in Rb+/+ MEF, p204 lost its ability to inhibit cell growth, delay cell transition from G1 to S phase, and impair DNA synthesis. Moreover p204 overexpression in Rb+/+ MEF led to a signi®cant decrease of both DHFR and PCNA proteins, two S phase markers. By contrast, this eect was not observed when Rb+/+ MEF were transfected with a p204 mutated at both Rb binding sites. Finally, overexpression of the LXCXE p204 mutant rendered Rb+/+ MEF resistant to the IFN-a antiproliferative activity, in comparison to the untransfected Rb+/+ MEF. As expected, Rb7/7 cells were unsensitive to the IFN-a induced growth inhibition. Taken as a whole, these results suggest that (i) p204 contributes to the IFN-a antiproliferative activity and (ii) the primary target of p204 leading to ecient G1 arrest as well as to blockade of DNA replication from G1 phase is the pRb regulatory system. Oncogene (2000) 19, 3598 ± 3608.
Introduction
The cell growth regulatory and immunomodulatory activities of IFNs are the result of the concerted action of a large number of inducible proteins. De®ning the relative contributions of these proteins is therefore a formidable task: to date, the physiological roles of only a few IFN-induced proteins have been resolved (e.g. Mx, PKR, 2'-5' oligoadenylate synthetase) (Staheli et al., 1993; Landolfo et al., 1995; Gale et al., 1998; Stark et al., 1998) .
Among the proteins induced by IFNs are those encoded by the six or more genes of the`gene 200 cluster' (I® 200 genes) located in the q21 ± q23 domain of murine chromosome 1 . Three human homologs have also been described (Dawson et al., 1996) . All these proteins share one or two partially conserved 200 amino acid segments, of either the a or b type, bearing a LXCXE motif, known to be a potential site for binding to the Rb-family proteins (Johnstone and Trapani, 1999) . The bestcharacterized member is I® 202. It encodes a 52 kDa phosphoprotein that increases 20 ± 30-fold in both cultured cells and in vivo tissues in response to IFN-a (Gariglio et al., 1992 (Gariglio et al., , 1994 , and translocates into the nucleus, where it binds to pRb and some transcription factors such as E2F, p53, AP-1, c-Fos, c-Jun. NFkB, MyoD and UBF1 (Min et al., 1996; Choubey et al., 1995 Choubey et al., , 1996 Datta et al., 1998; Liu et al., 1999) . p202 overexpression by transient transfection decreases growth rate of both normal and cancer cells (Lembo et al., 1995; Yan et al., 1999) . More importantly, cells that expressed p202 showed reduced ability to grow in softagar, indicating a loss of transformation phenotype (Yan et al., 1999) . I® 204, another member of the I® 200 gene cluster, encodes a 72 kDa phosphoprotein (p204), that increases several-fold upon IFN-treatment and translocates into the nucleus Hertel et al., 1999b) . p204 is selectively induced in vivo in monocytes/macrophages by IFN inducers, such as the synthetic double-stranded RNA poly rI : rC, or LPS, suggesting a potential role in their functional dierentiation (Gariglio et al., 1992 .
The RB gene family encodes a group of related proteins, designated pRb (p105), p107 and p130, that participate in several aspects of cell growth and cell dierentiation, including cell cycle regulation and control of gene expression (Weinberg, 1995; Kaelin, 1997; Stiegler and Giordano, 1998, Bartek et al, 1999; Brejm et al., 1999) . Cellular and biochemical analyses as well as studies of mutant mouse strains derived from gene targeting indicate that these three members of the family have distinct in vivo and in vitro functions. However, there are also striking instances of functional overlap within the family Mulligan and Jacks, 1998) . Despite recent progress describing both pathways that regulate pRb-family activity and potential`downstream' targets of these proteins, it remains unclear which function(s) is (are) necessary for normal growth control in vivo and whether the target(s) crucial for tumor suppression is (are) shared by the family or are speci®c to pRb (Nevins et al. 1997) . Although several proteins can associate with each member of the pRb family, others, including cyclins, histone de-acetylase and MYC, appear to interact with a speci®c member (DePinho, 1998; Wang et al., 1994; Wang, 1997) . The overexpression of some pRb-family binding partners alters the growth properties of cells in culture. In most cases, however, it remains unclear if such eects are physiologically relevant to pRbmediated growth control or tumor suppression in vivo. Genetic experiments with transgenic and/or mutant mouse strains are beginning to examine such questions directly (Jacks et al., 1992; Cobrinik et al., 1996; . p204 overexpression by transient transfection in mouse embryo ®broblasts (MEF) from C57BL/6 mice, which lack the endogenous protein, retarded their proliferation . Flow cytometry analysis revealed that p204 overexpression delays G1 progression into the S phase and accumulates cells with a DNA content equivalent to cells arrested in late G1. Transfection of p204 dominant-negatives mutated at the Rb-binding motifs did not impair induction of antiviral state by IFN-a against both RNA-and DNAviruses. However, the same transfectants were no longer permissive for replication of a particular DNA virus, such as the mouse cytomegalovirus (MCMV), which is strictly dependent on the host cell-cycle for its DNA synthesis. Since MCMV is a strong inducer of the p204 protein (data not shown), the conclusion was that in its absence this virus is not capable to control the cell cycle and consequently carry out its DNA synthesis (Hertel et al., 1999b) . Although these results indicate that p204 is probably involved in the control of the cell cycle throughout the pRB-pathway, they do not shed light on the mechanisms it employs. For this purpose in a previous study we generated both p204 deletion mutants lacking one of the two domains, and chimeric proteins bearing the a domain from p204 and the b domain from p203, another member of the I®200 family (Gribaudo et al., 1997 (Gribaudo et al., , 1999 . The results of transfection in sensitive cells clearly demonstrated that to exert its antiproliferative activity, accumulate cells at the G1/S border, and inhibit the E2F-mediated transcriptional activity p204 needs both domains. Since these domains bear the Rb-binding motif, it was conceivable to anticipate that p204 might exert its antiproliferative activity throughout the pRb pathway.
In the present study, we describe the use of both p204 dominant-negatives mutated at the Rb binding motifs and MEF generated from Rb7/7 mice, which lacks the p105 Rb protein, to demonstrate that p204 binds pRb in vivo and inhibits cell proliferation through this pathway. This interaction results in accumulation of transfected cells at the G1/S border with decrease in DNA synthesis and DHFR (Dihydrofolate reductase) and PCNA (Proliferating cell nuclear antigen) protein levels, whose expression depends on active E2F (Nevins et al., 1997) . Moreover, overexpression of the LXCXE p204 mutant signi®-cantly aects the IFN-a antiproliferative activity. These studies demonstrate that p204-pRb interaction is physiologically relevant to growth control and tumor suppression by IFN-a.
Results
The 204 protein contains two LXCXE motifs that are potential sites for binding to the retinoblastoma gene product pRb. One motif is in the a domain, at position 423, whereas the other one is in the b domain, at position 617. Since it has been reported that p202, another member of the I®200 gene family, forms stable complexes with the nonphosphorylated form of pRb we looked for the association in vivo of p204 with pRb by coimmunoprecipitation experiments or the GST-pull down assay. NIH3T3 cells are an appropriate model to study the interaction of p204 with pRb family proteins, since their growth is arrested when they are transfected with p204-encoding cDNA . However, since p204 levels are very low, barely detectable in NIH3T3 not treated with IFN, we exposed the cells to IFN for 36 h. Whole cell extracts were then prepared from IFN-treated cultures, precleared with protein ASepharose and immunoprecipitated with immunoanity-puri®ed rabbit polyclonal anti-p204-N-terminus antibodies or rabbit preimmune serum, as described in Materials and methods. The immunoprecipitates were analysed by Western blotting with anti-p204 Cterm antibodies to look for the presence of p204. The presence of pRb in the immunoprecipitates was detected by decorating the same membrane with the speci®c antibodies as described in Materials and methods. As shown in Figure 1a a strong p204-speci®c band was present in the immunoprecipitate from the extracts of IFN-treated NIH3T3. In the same lysate coimmunoprecipitation of pRb, p107 and p130 with p204 was also detected, indicating its interaction in vivo with all the members of the pRb family. Lysates from untreated NIH3T3 cultured in growth medium for 36 h did not display any coimmunoprecipitation (data not Figure 1 p204 associates with the Rb family of pocket proteins. (a) p204 coimmunoprecipitates with pRb, p107 and p130. Whole cell extracts from NIH3T3 cells treated with IFN-a for 36 h were immunoprecipitated with preimmune serum (pre-imm.) or with immunoanity-puri®ed rabbit polyclonal anti-p204-N-terminus antibodies . The immunoprecipitates were examined for the presence of p204, pRb, p107 and p130 respectively by Western blotting as described in Materials and methods. (b) In vivo binding analysis of GST204 and GST204DRb fusion proteins with a lysate from IFN-treated NIH3T3 cells (see Materials and methods). The membrane was decorated with the same set of antibodies used for the coimmuoprecipitation experiments shown), probably because the amount of pRb proteins bound to p204 diminished to undetectable levels. Finally, the pRb sharp band bound by p204 seems to correspond to the hypophosphorylated form, as suggested by comparison with the migration pattern of whole lysates (data not shown).
To further con®rm the in vivo association of p204 with pRb, we employed the in vivo GST pull-down assay, using a GST-fusion protein with the p204 b domain bearing the LXCXE motif or deleted from it. GST204 or GST204DRb, immobilized on glutathione beads, were mixed with GST-precleared whole cell extracts from IFN-treated NIH 3T3, and the presence of pRb proteins was evaluated by Western blotting using the antibodies against pRb, p107 and p130. As shown in Figure 1b , a protein band corresponding to pRb, p107 and p130 was present in the extracts from IFN-treated cells mixed with GST204-loaded beads, although to a lesser extent. By contrast no Rb proteins were detected when the same extracts were mixed with GST204DRb-loaded beads, indicating that p204 binds to Rb proteins through the LXCXE motif.
Growth inhibition by p204 expression is strictly dependent on Rb function MEF from Rb7/7 knocked out (ko) mice are a suitable model to verify the functional signi®cance of the physical interaction of p204 with Rb. For this purpose primary Rb+/+ or Rb7/7 MEF were transfected with the pRcRSV204 vector, driven by a strong enhancer and linked to a drug resistance (G418) marker, or the control plasmid (pRcRSV), and assayed for growth suppression response by a transient cell focus assay. Equal numbers of cells were plated 2 days after transfection onto 60 mm tissue culture dishes and cultured in the presence of the neomycin derivative G418. Populations of positively transfected cells were recovered 2 ± 3 weeks thereafter by their resistance to the cytotoxic eects of the selecting agent. The resulting foci were ®xed and visualized in formalincrystal violet, and the ®nal number of cell foci with diameters of at least 2 mm were counted in each plate. Results of more than six independent experiments revealed that, as shown in the representative experiment of Figure 2a , transfection of the pRcRSV control plasmid generated a conspicuous number of cell foci in all lines, whereas the p204 expression completely abolished the formation of resistant foci only in Rb+/+ cells. Interestingly, p204 overexpression in Rb7/7 MEF did not reduce the resulting number of foci, but rather signi®cantly increased their number, suggesting that p204 overexpression may be an advantage to the growth of cells lacking the Rb function. The same results were obtained with pRcRSV202, another member of the I®200 family. As expected, the p202 growth suppressing activity was detected in Rb+/+ cells (Figure 2a ), although to a lesser extent in comparison to p204. Western blotting analysis revealed that both p202 and p204 were expressed at comparable levels upon transfection, indicating that the weaker p202 antiproliferative activity can not be ascribed to lower protein expression (data not shown). One possibility may reside in the presence of only one Rb-binding site in the p202 (b domain) that weakens its interaction with the pRb system. Moreover, many more foci were seen with Rb7/7 MEF compared to the cells transfected with the empty vector only, suggesting that p202 cell growth regulatory properties are also linked to pRb function. Choubey et al. (1996) , however, found that the antiproliferative activity of p202 through inhibition of E2F transcriptional activity did not depend on fully functional pRb, perhaps because we used MEF in which the RB gene has been genetically disrupted, whereas they used a human tumor cell line (C33A) harboring a mutated form of pRb. Therefore we performed the same kind of experiments in two Rbde®cient cell lines, C33A and Saos-2 osteosarcoma cells. As shown in Figure 2b , both Saos-2 and C33A cells, when transfected with the p204 expression vector generated a reproducibly greater number of foci than after transfection with the empty vector. By contrast, primary human ®broblasts (HEF) were highly sensitive to growth inhibition upon transfection with the p204 vector. A similar pattern of growth inhibition has been observed upon p202 transfection in HEF, with a reduced number of cell foci in comparison to the empty vector. As expected, in Saos-2 and C33A the number of cell foci was not reduced by p202 overexpression. These results are in contrast with those reported by Choubey et al. (1996) . It is intriguing, however, that the same investigators demonstrated that p202 binds to pRb but does not require it to exert its growth inhibition . At the moment the reasons of these contrasting results are still unclear. Altogether our data suggest that all three cell lines, Rb7/7 MEF, C33A and Saos-2, are resistant to p204 and p202 mediated growth suppression, and hence a functional Rb is required for their antiproliferative activity.
Finally, since Rb7/7 MEF express high levels of p107 and p130 proteins (Zalvide and DeCaprio, 1995) , and are nevertheless insensitive to p204 activity, these results may suggest, although do not de®nitely prove, that p105 may be the main mediator of the p204 antiproliferative activity.
The LXCXE Rb-binding domains are essential for p204 antiproliferative activity
To further prove that the LXCXE domains are mediating p204 antiproliferative activity, p204 mutants at the Rb binding motif were generated and cloned in pRcRSV. A schematic representation describing the proteins encoded by each plasmid is presented in Figure 3a . p204DRb (del 640 ± 568) harbors only the LXCXE domain present in the ®rst 200 amino acid domain (a domain). p204 dm harbors both the Cterminal deletion up to amino acid 568 and the point mutation from glutamic acid to lysine at position 427, which means that the protein is devoid of a functional Rb-binding domain. The mutant designated p204Lys harbors a wild type Rb-binding motif in the b domain and a point mutation from glutamic acid to lysine in the Rb-binding motif of the a domain. All these plasmids were constructed with an in frame fusion at the C-terminus with the HA epitope so that they could be identi®ed with monoclonal anti-HA antibodies. As a ®rst attempt, we performed the transient cell focus assay in the Rb+/+ MEF by using either the wild type 204 construct or the three combinations p204 antiproliferative activity depends on pRb L Hertel et al of the mutated protein and compared the number of cell foci with that obtained by transfecting pRcRSV. As expected, the number of cell foci obtained from four independent experiments was very low after transfecting the wild type protein (Figure 3b ). By contrast, when Rb+/+ MEF were transfected with the cDNAs encoding the p204 mutated at either one of the Rb binding site or at both sites, the number of cell foci was reproducibly higher. These data are consistent with those observed with the Rb7/7 MEF, con®rming that changes in the Rb-204 interaction confer growth advantages. Immuno¯uor-escence experiments previously performed (Hertel et al, 1999b) demonstrated that the p204 mutated proteins correctly localized in the nucleus, giving rise to an immuno¯uorescence pattern very similar to that of the wild type protein. Taken as a whole, these results indicate that p204 antiproliferative activity is strictly dependent on the presence of both Rb binding sites. Having established that the three p204 mutants behaved in a similar way, p204 dm was selected for further studies.
Interaction of p204 with pRB accumulates cells at the G1/S border and inhibits DNA synthesis
To determine the speci®c eects on cell cycle progression mediated by p204 overexpression, Rb+/+ and Rb7/7 cells, transiently transfected with pRcRSV204, were analysed by¯ow cytometry. The FITC-labeled and unlabeled cells were sorted (3610 4 cells in each case) and analysed for cell-cycle transition by¯ow cytometry using a¯uorescence-activated cell sorter (Fac Star plus, Becton Dickinson). Results of more than six independent experiments showed that transient overexpression of wild type p204 inhibits the G0/G1-S phase progression of the Rb+/+ cells, but not of the Rb7/7 MEF ( Figure  4 ). As shown in panel C, top, 89.79% of the FITClabeled Rb+/+ (expressing the wild type p204 protein) were arrested at G0/G1 phase, whereas only 3.94 and Figure 2 Growth inhibition by both p204 and p202 expression is strictly dependent on Rb function. (a) Primary Rb+/+ and Rb7/7 mouse embryo ®broblasts (MEF) were transfected with both pRcRSV204 and pRcRSV202, or the control plasmid, and assayed for growth suppression response by a transient cell focus assay. The resulting foci were ®xed and visualized in formalincrystal violet. A representative experiment is shown. (b) Both p204 and p202 inhibit colony formation with a pRb-dependent mechanism. C33A and Saos-2 cells, which lack funtional pRb, together with primary human embryo ®broblasts (HEF) were transfected with equimolar quantities of the pRcRSV204 or pRcRSV202 expression vectors; G418-resistant colonies were scored after 12 ± 15 days of selection. The results represent the average of four separate experiments+s.d 6.27% of the cells were still progressing into S and G2+M phases respectively. In contrast, only 54.25% of the FITC-labeled Rb7/7 cells were found in G0/G1 phase, whereas 36.00 and 8.75% were progressing into S and G2+M phases respectively (panel c, bottom). As expected, FITC-negative Rb+/+ and Rb7/7 cells showed the typical cell phase distribution of normally proliferating cells (Figure 4b ).
Since p204 interaction with pRb accumulates cells at the G1/S border before the onset of S phase, transfected cells should not be undergoing DNA synthesis. To verify this hypothesis DNA replication was monitored either by incorporation of BrdU or by measuring the levels of PCNA and DHFR, two S phase-acting proteins, whose synthesis indirectly depends on Rb activity through the release of E2F-1, a member of the E2F family transcription factors. In the ®rst approach, Rb+/+ MEF were transiently transfected with both p204 and p204 dm, and grown for 72 h before being pulse-labeled for 1 h with BrdU to mark cells undergoing DNA replication. The cells were then ®xed and simultaneously stained with rabbit polyclonal anti-p204 N-terminus antibody and a mouse monoclonal anti-BrdU antibody to detect nuclei that had incorporated BrdU during the labeling interval. FITC-conjugated anti-rabbit and Texas-red conjugated anti-mouse antisera were used as secondary antibodies. As shown in Figure 5a (left), cells overexpressing the wild type p204 and displaying a bright green uorescence, were completely negative for BrdU staining, whereas cells that did not take up the transfected plasmid or failed to express the wild type p204 showed the typical BrdU staining of S phase cells. By contrast, cells expressing the p204 dm were also positive for BrdU nuclear staining (Figure 5a, right) , thus con®rming that only the wild type protein eciently arrested cells in G1, just before the onset of DNA replication. The experiment was repeated at least four times for both wild type p204 and p204 dm; more than 200 cells positive for FITC-conjugated antibody staining were analysed for each construct and the percentage of cells incorporating BrdU among them was calculated, as shown in Figure 5b .
In the next set of experiments Rb+/+ MEF, transiently transfected with either p204 or p204 dm expression vector and the empty vector, were analysed by Western blotting using anti-PCNA or anti-DHFR antibodies, two markers of the S phase. The data in Figure 6 clearly demonstrate that p204 overexpression leads to a signi®cant decrease of both PCNA and DHFR protein levels in MEF Rb+/+ (more than 50%, as spectrophotometrically quanti®ed with the BioRad Molecular Analyst. Version 1.5). In contrast, Rb+/+ MEF transfected with the vector encoding p204 dm or with the empty vector displayed comparable high levels of both proteins, suggesting that inactivation of endogenous p204 drives a high percentage of these cells to enter the S phase. As expected in Rb7/7 MEF, both PCNA and DHFR protein levels were not aected by p204 overexpression (data not shown) con®rming that in the absence of Rb protein p204 leads to growth advantage.
pRb-p204 interaction is required for IFN-a induced antiproliferative activity
To verify whether p204 does play any role in the IFNmediated antiproliferative activity, Rb+/+ MEF were transfected with the expression vector pRcRSV204 dm, harboring both a C-terminal deletion mutant and a point mutant form of the 204 cDNA, and with the empty vector pRcRSV. After transfection, pooled The seven vertical bars at the N-terminus indicate the heptamer repeats. The C-terminal deletion mutant p204DRb (del 640 ± 568) harbors only the LXCXE motif present in the a domain; the protein encoded by the construct indicated as p204 dm harbors both the C-terminal deletion up to amino acid 568 and the point mutation from glutamic acid to lysine at position 427, therefore the resulting protein lacks any functional Rb-binding domain; the protein encoded by the construct indicated as p204Lys harbors an intact Rb-binding motif in the b domain and a point mutation from glutamic acid to lysine in the Rb-binding motif of the a domain. All three mutant proteins have been cloned in the pRcRSV expression vector, harboring the drug resistance (G418) marker, with an in frame fusion at the Cterminus with the HA epitope. (b) Rb+/+MEF were transfected with all these constructs and assayed for growth suppression response by a transient cell focus assay. The resulting number of cell foci was always compared to the number obtained by transfecting the control vector pRcRSV. The results show the mean+s.e. of at least four independent experiments p204 antiproliferative activity depends on pRb L Hertel et al population of neomycin resistant clones were established as previously described (Hertel et al., 1999b) and designated p204 dm MEF for p204 dm and neoMEF for pRcRSV transfection. In parallel, IFN-a antiproliferative activity was tested in both untransfected Rb+/+ and Rb7/7 MEF. Cells were stimulated with IFN-a and viable cells were counted every 24 h. As shown in Figure 7 , in the ®rst 48 h the growth curve was similar for all the four cell lines regardless of IFN-treatment with cell numbers ranging from 2.3610 4 /well of Rb+/+ MEF to 3.1610 4 /well of Rb7/7 MEF. However, at 72 h the growth rate of both Rb+/+ and neo MEF treated with IFN started to decline and was signi®cantly impaired at 96 and 120 h (about 75% growth suppression). By contrast, the growth pattern of Rb7/7 MEF as well as p204 dm MEF was not aected by the addition of IFN-a, since at all the time points cell numbers between untreated or IFN-treated cell cultures were comparable. Altogether these results indicate that the pRb-p204 interaction is required for the IFN-a antiproliferative activity and is of physiological relevance.
Discussion
The 204 protein contains two LXCXE motifs that are potential sites for binding to the Rb product and functions as a growth suppressor in sensitive cell lines, as determined by the cell focus assay. Transient p204 overexpression through a heavy-metal-inducible promoter in MEF lacking the endogenous p204, arrests cell growth by accumulating cells at the G1/S border . These results suggest that p204, by acting in a pathway with Rb, exerts a strong antiproliferative activity. Furthermore, our recent data indicate that expression of mutant 204 proteins devoid of one or both motifs interferes with the MCMV multiplication cycles, but does not aect IFN-antiviral activity (Hertel et al., 1999b) .
In the present study we provide biochemical and genetic evidence that binding to pRb is physiologically signi®cant for p204-mediated growth control. Inhibition of proliferation is accompanied by accumulation of cells with a DNA content similar to those arrested in late G1, along with a decrease of expression of genes typically activated during S phase onset, namely PCNA and DHFR. That p204 relies on the pRb pathway to control cell proliferation is based on the following evidence. Coprecipitation experiments and GST-pull down assays from IFN-treated NIH3T3 cell extracts revealed an association in vivo of p204 with all three members of the Rb family, namely the pRb 105, p107 and p130. Only pRb, however, plays a dominant role, since Rb7/7 MEF expressing high levels of both p107 and p130, are completely insensitive to p204 antiproliferative activity. This dierential interaction of p204 with pRb is in line with the results reported by Thomas et al. (1998) , showing that the three members Figure 4 Expression of p204 causes G1 cell-cycle arrest in an Rb-dependent manner. Flow cytometry analysis of both Rb+/+ and Rb7/7 MEF transiently transfected with pRcRSV204, expressing the 204 protein with an in-frame fusion with HA epitope. Seventy-two hours after transfection, the transfected cell population was identi®ed by staining with¯uorescein isothiocyanate (FITC)-conjugated anti-HA antibody and DNA content was monitored by staining with propidium iodide. The FITC-labeled and unlabeled cells were sorted and analysed for cell cycle progression by two-colour¯ow cytometry. Data are from a single experiment representative of three independent experiments with similar results of the pRb family are dierentially regulated in proliferating cells and during cell cycle arrest by IFNa. Moreover, Verona et al. (1997) have shown that E2F interaction with the various members of the pRb family is regulated by cell-cycle-dependent changes in subcellular localization related to their phosphorylation status.
The genetic studies employing MEFs derived from mice lacking the p105 Rb protein demonstrated that it is essential for p204 antiproliferative activity. Consistent with this ®nding, mutations in either of the LXCXE motifs impaired this activity. Moreover, the human tumor cell lines, Saos2 and C33A, which bear a mutated inactive Rb protein, are equally resistant to p204. It has been demonstrated that the 202 protein, in addition to transcription factors such as AP-1, c-Fos, c-Jun, and NF-kB, binds pRb, both in vitro and in vivo Choubey et al., 1996; Min et al., 1996) . Transfection studies, though nonconclusive because cells do not tolerate high p202 levels, suggested that p202 may be critical in normal cell division (Lembo et al., 1995) . By contrast, the same authors reported that p202 could inhibit E2F activity in cells from a line (C33A) expressing a mutant pRb, indicating that inhibition by p202 did not depend on fully functional pRb. These controversial results together with the signi®cant dierences between p202 and p204, such as the lack of the LXCXE motif in the a domain of p202 and the uniqueness of the p204 Nterminus, strongly indicate that p204 function may be peculiar. Now, by exploiting Rb+/+ and Rb7/7 MEF, we provide the ®rst functional evidence that a member of the I® 200 family, the p204, interacts with pRb to It has been demonstrated that Rb and the related p107 and p130 primarily inhibit growth by targeting the E2F family transcription factors (Wang, 1997; Dyson, 1998; Mulligan and Jacks, 1998; ) . The Rbfamily tumor suppressor binds to the transcriptional activation domain of E2F and represses its activity: this event is negated by the phosphorylation of Rb by cyclin D-cdk complexes. The expression of many vital genes involved in DNA synthesis, including DHFR and PCNA, is regulated by E2F factors, and it may be envisaged that Rb-mediated repression of E2F ablates their expression and results in growth arrest. FACS analysis together with BrdU incorporation and expression of DHFR and PCNA proteins in Rb+/+ MEF transfected with wild type p204 suggest that interaction of p204 with Rb represses E2F activity and has considerable repercussions on cell proliferation. This hypothesis is supported by previous studies showing that the presence of both 200 amino acid domains, namely domain a and b, enables p204 to inhibit E2F-mediated transcriptional activity (Gribaudo et al., 1999) . Moreover by using IFN-treated cell extracts we have observed that E2F1, known to bind the p105 Rb protein, also coprecipitates with p204 (data not shown). The eect of p204 binding on pRb function remains to be explored. Even so, it is conceivable to envisage that its binding may impair the phosphorylation status of pRb (IFN treatment, in fact does impair this process) (Thomas et al., 1998) and contribute to maintain E2F in its inactive form.
Growth inhibition by IFNs is a well-established phenomenon (Sokawa et al., 1977; Evinger et al., 1981b; De Mayer and De Mayer-Guignard, 1988; Stark et al., 1998) . IFN-treatment of ®broblasts, epithelial or hematopoietic cell lines culminates in the accumulation of non-dividing cells with 2 n DNA content distributed in G0/G1 or at the G1/S border of the cell cycle. In other studies IFNs were shown to aect both G1 and S+G2, in either synchronous or asynchronous cells stimulated to growth (Evinger et al., 1981a) . It is clear, therefore, that IFNs control dierent checkpoints', depending on the cell type and growth regulatory conditions. The present study shows that p204 binds pRb and pRb-related proteins and exploits pRb to inhibit cell growth. This binding leads to accumulation of cells at the G1/S border, inhibits cellular DNA replication and down regulates DHFR and PCNA. Moreover, overexpression of the LXCXE p204 mutant in Rb+/+ MEF renders these cells resistant to the antiproliferative activity of IFN-a in comparison to untransfected Rb+/+ MEF. This Figure 6 Expression of PCNA and DHFR as detected by Western immunoblot analysis. Rb+/+ MEF were transfected with plasmids encoding either the wild type p204 or the p204 dm or the empty vector. Seventy-two hours after transfection, cells were lysed in a 3% SDS lysis buer; extracts (50 mg) were sizefractionated by 8.5% SDS ± PAGE, transferred to PVDF membrane, and subjected to Western blotting with speci®c antibodies as indicated. Actin immunodetection was performed as internal control ®nding is consistent with the data reported by Zhu et al. (1999) demonstrating that pRb is also required for induction of the MHC class II antigens by IFN-g. Altogether these results demonstrate that mutations of the p204-pRb pathway may help tumor cells to escape immune surveillance as well as negative growth regulatory signals such as IFNs, and provide a further illustration of the molecular mechanisms activated by IFNs to regulate the progression of cells throughout the cell cycle and consequently their proliferation.
Materials and methods
Cell culture and interferon treatment NIH3T3 cells from the American Type Culture Collection (ATCC) were cultured in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% Donor serum (DS) (Gibco/BRL). Where indicated, cells were treated for 36 h with 1000 u/ml of recombinant hybrid human IFN-a A/ D (sp. ac. 4610
78 u/mg of protein), used as a source of murine IFN-a. MEF from both Rb+/+ and Rb7/7 mice were kindly provided by T Upton and ME Ewen (DanaFarber Cancer Institute) (Peeper et al., 1997) and maintained in DMEM supplemented with 10% fetal calf serum (FCS). The C33A human cervical carcinoma cell line (from K Helin, Milan), the Saos2 human osteosarcoma cell line (from ATCC) and primary pulmonary human embryo ®broblasts (HEF) (from D Lembo, Turin) were also maintained in DMEM supplemented with 10% FCS.
Antibodies
Rabbit polyclonal antibodies raised against both the aminoterminal (N-term) and carboxy-terminal (C-term) moieties of p204, and against mouse DHFR have been previously described Hertel et al., 1999a) . Anti-PCNA antibodies were from Sigma (PC10 monoclonal antibody). Anti-HA (In¯uenza virus hemoagglutinin) (monoclonal antibody, F-7), anti-pRb (polyclonal antibody C-15), anti-p107 (polyclonal antibody C18) and anti-p130 (polyclonal antibody C20) were all from Santa Cruz Biotechnology. Monoclonal anti-actin antibodies (Boehringer) were used as internal control. Anti-BrdU (5-Bromo-2'-Deoxyuridine) monoclonal antibody was from Sigma (Clone BU-33).
Plasmids and transfections
The plasmids pRcRSV204 (p204), pRcRSV204DRb (p204DRb), pRcRSV204Lys (p204Lys) and pRcRSV204-dmRb (p204 dm), all tagged with a HA epitope, were constructed as previously described. (Hertel et al., 1999b) . The pRcRSV202 expression vector was generated by cloning the entire 202 coding region, i.e. the Asp718-BamHI fragment from pSVK3-202, into the blunt-end HindIII site of the pRcRSV plasmid (Invitrogen).
All transfections were carried out by LipofectAMINE PLUS (Gibco/BRL) procedure as speci®ed by the manufacturer's protocol. 3610 5 cells were transfected with 2 mg of the indicated plasmid in 60 mm dishes.
Cell focus assay
To assay the antiproliferative eect of p204 wild-type and mutants expression, cell lines as indicated were transfected with 2 mg of either pRcRSV204, which constitutively expresses wild-type p204, or pRcRSV204DRb, pRcRSV204dmRb and pRcRSV204Lys, which constitutively express the mutated forms of p204 as schematically represented in Figure 3 , or empty vector. Forty-eight hours later, single-cell suspensions were made by trypsinization, 1610 4 or 3610 4 cells were plated onto 60 mm tissue culture dishes and G418 was added to the medium. MEF were selected in 800 mg/ml. HEF and C33A in 700 mg/ml, and Saos 2 in 500 mg/ml of G418 respectively. After 14 ± 16 days of selection, G418-resistant colonies were stained with 10% formalin-0.5% crystal violet, and the number of foci with a diameter of at least 2 mm were counted.
Cell growth assay
Cell growth was evaluated by the trypan blue exclusion method. Exponentially growing cells (5610 3 ) were seeded into 2 cm 2 wells of a 24-well plate containing medium plus 10% FCS. At 24 h after plating IFN-a A/D (2610 3 u/ml), as source of mouse IFN-a, was added. At the indicated time points, cell from triplicate wells were trypsinized combined with any¯oating cells, pelleted and counted with a hemocymeter. More than 200 cells were counted for each variable.
Western blotting analysis and immunoprecipitation
Total cell extracts were prepared by lysing in 3% SDS-lysis buer as previously described . Proteins were separated on a 8.5% SDS-polyacrylamide gel and transferred onto a PVDF membrane (Amersham) according to the instruction manual. Membranes were blocked in blocking solution (10 mM Tris-HCl pH 7.5, 0.1 M NaCl, 0.1% Tween-20, 5% (wt/vol) non-fat dry milk) overnight at 48C, and incubated with primary antibody in the same solution for 1 h at room temperature. Horseradish-peroxidase conjugated goat anti-rabbit or anti-mouse IgG were used as secondary antibody at a dilution of 1 : 3000 and signal was detected by Super-Signal (Pierce).
For immunoprecipitation, cells were rinsed twice with PBS and harvested with ice-cold PBS-2 mM EDTA. The pellet was resuspended in lysis buer (50 mM HEPES pH 8.0, 250 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40 with addition of the protease and phosphatase inhibitors), and the protein concentration was quanti®ed by the Bradford assay (BioRad). Cell extracts were then pre-cleared by incubation for 2 h at 48C with protein A-Sepharose (Pharmacia) and immunoprecipitated with anti-p204 N-terminus rabbit antiserum or an equal quantity of preimmune serum overnight at 48C. Protein A-Sepharose was then added for 2 h at 48C to precipitate the immune complexes and the pellet was washed four times with washing buer (50 mM HEPES pH 8.0, 50 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40). Proteins were extracted by boiling in SDS-sample buer, resolved in SDS-7% polyacrylamide gels and analysed by Western blotting.
Expression of GST Fusion proteins and in vivo GST-pull down assay
The GST204 (434-640) expression plasmid was prepared as previously described (Gariglio et al., 1998) in pGEX4T2 (Pharmacia Biotech Inc) . To obtain the mutant deleted of the LXCXE domain, designated GST204DRb, a 220 bp fragment from the GST204 construct was removed by digestion with ScaI and religated. The GST-fusion proteins were expressed in Escherichia coli AD202 and anity puri®ed. The Glutathione-Agarose beads (Sigma) were loaded with 0.5 mg of the indicated GST fusion protein, blocked in blocking buer (0.25% gelatin, 50 mK KCl, 50 mM HEPES (pH 7.5)) at RT for 30 min, washed in binding buer (150 mM NaCl, 50 mM HEPES (pH 7.5), 0.1% Nonidet P-40), and used for anity chromatography. Aliquots of total cell extracts, prepared as described for the immunoprecipitation experiments, were pre-cleared with GST-loaded beads and then incubated with washed glutathione-Sepharose beads (loaded p204 antiproliferative activity depends on pRb L Hertel et al with the indicated GST fusion protein) in binding buer. The bound proteins were released by boiling in sample buer and analysed by Western blotting with anti-C term p204 antibodies or anti-Rb family antibodies.
Flow cytometry analysis
For biparametric analysis of immuno¯uorescence versus DNA content, Rb+/+ and Rb7/7 MEF cells transiently transfected with pRcRSV204 were used. Seventy-two hours after transfection cells were harvested by trypsinization, washed with ice-cold PBS and ®xed in 70% ice-cold ethanol for at least 30 min. After centrifugation, cells were incubated on ice with anti-HA monoclonal antibody for 1 h and with uorescein isothiocyanate (FITC)-conjugated goat antimouse antibody for 20 min. After washing with ice-cold PBS, cells were resuspended in PBS containing DNase-free RNase (type 1-A) and propidium iodide at a ®nal concentration of 0.4 and 0.18 mg/ml respectively. Cells were analysed with a FACScan¯ow cytometer (Becton-Dickinson, USA) equipped with an argon laser tuned at 488 nm for uorescence excitation. FITC¯uorescence was measured with a ®lter transmitting at 530 nm with a bandwidth of 30 nm. Propidium iodide¯uorescence was measured with a bandpass ®lter at 585/44 nm. Approximately 3610 4 cells were analysed for each sample. Computer statistical analysis and graphic representation were performed.
Immunofluorescence microscopy
For double staining with anti-204 C-term and anti-BrdU antibody, cells grown on coverslips were labeled with 50 mM BrdU (Sigma) for 1 h, washed with PBS, ®xed with 3.7% paraformaldehyde for 30 min at RT and incubated with 2 M HCl for 1 h at 378C. They were then washed twice with borate buer pH 8.5 and three times with PBS, permeabilized with 0.2% Triton-X100 for 20 min at 48C, and incubated with both the anti-204 C-term and anti-BrdU antibody, diluted 1 : 100 and 1 : 50 respectively, for 1 h at RT. After washing, coverslips were incubated for 1 h with FITCconjugated goat anti-rabbit antibody and with Texas-red conjugated rabbit anti-mouse antibody, diluted 1 : 100 and 1 : 150 respectively, washed again with PBS and mounted in 90% glycerol, 2.5 g/l DABCO (Diazabicyclo[2.2.2]octane) (Sigma) in PBS. All immunolocalization experiments were performed several times and the data presented are representative examples. Immuno¯uorescence microscopy was performed on an Olympus IX70 inverted confocal laser scanning microscope, equipped with a krypton-argon ion laser (488/568 nm). The images derived from both channels (¯uorescein and Texas red or propidium iodide) were recorded simultaneously at identical apertures. The¯uor-escein-derived image was assessed with green color and the Texas red-or propidium iodide-derived image with red color.
